Frequency dependence of the dielectric properties of polymer-ferroelectric composites at different bands of microwave frequencies was investigated in this work.
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Introduction
Polymer-ferroelectric composite films are widely used for electronics at microwave frequencies (up to a few MHz) including capacitors and other energy storage devices [1, 2, 3] , as well as for high frequency applications (> GHz) in the telecommunications industry such as for beam steering, antennas and elec-5 tromagnetic interference devices [4, 5, 6] . Combining the advantages of the easy processability and high break down strength of polymers with the high dielectric constant of ferroelectric materials, polymer-ferroelectric composites offer a simple way to manufacture high permittivity materials with reproducible properties [7, 8] . Barium titanate BaTiO 3 (BT) is a widely available ferroelectric 10 material with high dielectric constant, and is the most common choice for the ceramic filler material. BT shows a large dielectric relaxation at microwave frequencies whose origin is linked to its domain structure. The dielectric relaxation frequency depends on the ferroelectric domain size and typically lies in the range 100 MHz to 10 GHz [9] . A relaxation frequency near 1 GHz has 15 been experimentally demonstrated for BT with different domain sizes, where for instance the dielectric constant for samples with micrometer sized domains dropped from 1900 at 10 kHz to 280 at 5.6 GHz [1] . It is expected that this frequency-dependent dielectric performance of BT will also be observed in polymer/BT composite materials. 20 Although data has been reported for the dielectric constant of polymerferroelectric composite films at low frequencies, very limited reference data can be found for high frequency measurements of the same materials. In part this is due to sample preparation difficulties for the high frequency measurements [10] . For composite films, capacitance measurements using an impedance an-
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alyzer is the conventional way to obtain dielectric constant data [11, 12, 13] , which unfortunately is only suitable for measurements up to 1 GHz. Attempts have been made to measure the dielectric performance of composite films at high frequencies using resonator or free space techniques [14, 15] . However, both of these two techniques suffer from intrinsic drawbacks that significantly electric properties of the polymer-ferroelectric composite films were measured and compared at low frequencies (100 Hz -1 MHz) and at high frequencies (12 -18 GHz) in our work.
Industrial applications of polymer-ferroelectric composite films require accurate control and prediction of the dielectric performance. Several theoretical 50 models are available to predict the dielectric properties of composite systems, and their validity tested by curve fitting to experimental data [11, 17, 18, 19, 20, 21] . It is worth noting that conclusions are rarely drawn on which model is superior to another in giving better fitting to this experimental data. The application of mixing rules can also be used to estimate the dielectric constant 55 of the ferroelectric nanometer sized particles in a composite, since it is difficult to measure the dielectric properties of the nanometer sized particles alone. This is a useful procedure because the dielectric constant of nanometer sized ceramic particles is expected to deviate significantly from that measured in bulk ceramics due to the three dimensional clamping effect in bulk ceramics [1] . For 60 instance, from data fitting using the Lichtenecker [22] and Jayasundere & Smith [20] equations dielectric constant values an order of magnitude lower have been reported at 100 kHz for barium titanate particles (282 for 0.25 µm particles) than for bulk ceramics (∼2000) [17] . In our work, the Lichtenecker equation was used to fit the measured dielectric constants of PFA/BT nanocomposite 65 films at 10 kHz and 15 GHz to allow us to estimate the dielectric constant of the nanometer sized barium titanate particles.
Experimental
Perfluoro alkoxy (PFA) / BT nanocomposite films were prepared by spray deposition. Spraying is a convenient and economical manufacturing method for 70 producing high quality polymer-ceramic composite films for various applications such as capacitors. The spraying system comprises a pneumatic nozzle, syringe pump and compressed air supply with minimum equipment maintenance required and is suitable for efficient small quantity spraying when compared with spin-coating which causes significant waste of precursor materials [23] . This 75 spray deposition technique has been shown in previous work [24, 25] to be highly effective in producing small area films for energy storage demonstrators.
In this work, the technique was developed further by scaling up to produce large area films (160 mm x 160 mm) with thicknesses exceeding 100 µm while still maintaining good surface quality. The thermoplastic fluoropolymer perfluoro 80 alkoxy (PFA) was chosen as the polymer matrix because of its good chemical resistance, high temperature resistance (due to a high melting point of over 300
• C) and stable dielectric performance at microwave frequencies [26] .
Materials
PFA from 3M Dyneon was chosen as the polymer matrix for spraying, and BT ceramics with grain size 700-800 nm with the dielectric constant gradually decreasing for smaller grain size [27] . When the grain size is less than 100 nm, the crystal phase of BT changes from tetragonal to cubic at room temperature and hence shows a much lower dielectric constant. Thus the BT particle sizes 100 should be as close to 700-800 nm as possible and be tetragonal phase to obtain highest dielectric constant. Considering these two opposing requirements, we chose the smallest BT particles we could source that had the tetragonal phase, which are 300 nm. Dispex A40 (BASF, Germany), an ammonium salt of acrylic polymer, was used as a dispersant to help stabilise the aqueous PFA and BT 105 suspension.
Spray deposition
. PFA/BT composite films with filler to matrix volume ratios up to 40% (corresponding to BT volume percent of 28.6%) and with thickness ranging from a few µm to over 100 µm were prepared by spraying using pneumatic atomizing films detached spontaneously from the glass substrate, followed by drying.
Hot pressing
Maximum 160 mm x 160 mm composite films with thickness ∼ 100 µm were cut into 40 mm x 40 mm square pieces and stacked. The stacks were placed in a heated die within a specially designed hot press with an initial load of 25 Kgf Approximately 16 layers of film were used to form a block of thickness 2 mm, suitable for the high frequency waveguide measurements.
Characterisation
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The crystal structure of the BT particles was confirmed by X-ray diffraction using a Philips PW1729 θ -2θ diffractometer. The particle size of BT was observed under SEM and analysed with a Zetasizer Nano ZS (Malvern Instruments). As-received BT particle / water suspensions and de-agglomerated BT particle water suspensions after ultrasonication with 2 wt% of Dispex A40 High frequency measurements (from 12 GHz to 18 GHz) were carried out using a two-port Vector Network Analyser (VNA, HP 8510C Agilent) and a standard Ku band waveguide with sample dimensions of 15.8 mm x 7.9 mm x 2 mm connected to the VNA with phase-stable cables. Block samples cut into these exact dimensions were carefully press-fitted into the waveguide. The 180 complex relative permittivity and relative permeability were extracted from the measured S-parameters using the Nicolson-Ross-Weir method [28] .
Results and Discussion
3.1. Size and crystal structure characterisation for BT particles SEM image of as-received BT powders particle size measurements before and 185 after the deagglomeration process measured by Zetasizer are shown in Figure 2 .
Particle agglomeration is seen in the SEM image. The average suspension particle diameter in Zetasizer measurement was 1.5 µm for as-received BT powders which reduced to 420 nm when the combination of dispersant and ultrasonication was applied. A corresponding zeta potential ζ = -25.5 mV was also obtained by Zetasizer measurement which suggested good stability of the dispersion [25].
There is a practical limit to the BT loading in the spraying technique because addition of the particles increased the viscosity of the composite suspension.
Very viscous composite suspensions cause blockage to the nozzle tip and drastically increase the surface roughness of the final composite films. A rough film
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surface with micro-holes or cracks results in short-circuits between the bottom and top electrodes over a critical frequency. In this study, the highest practicable BT:PFA volume ratio was 0.4 beyond which good quality films could not be achieved. To enhance the overall dielectric constant of our composites, tetragonal 200 nanometer sized BT particles were chosen, and the tetragonal phase was con-firmed from the XRD results in Figure 3 . All the resulting peaks shown in which could be assigned to the tetragonal form of BaTiO 3 , with the characteristic splitting of (200) peaks visible in the inset around 2θ = 45
• . It is well known that dielectric properties of BT powders are dependent on both crystal struc-
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ture and particle size [1, 29] . Transition from the tetragonal to cubic structure reduces the permanent dipole and dielectric constant of BT, while particle size reduction would induce this phase transition at a lower temperatures. which can be explained by variation due to the very small sample size tested in the TGA measurements (∼ 2 mg), possible particle agglomeration and powder sedimentation during spraying.
Low frequency dielectric properties characterisation
Several capacitance measurements were taken on each film, and the typical 240 dielectric performance of PFA / BT composite films with increasing ceramic loading between 100 Hz and 1 MHz is shown in Figure 6 . There was relatively stable dielectric performance over the frequency range for films with lower BT loadings. As the BT:PFA volume ratio increased, the decrease in dielectric constant becomes obvious towards 100 Hz. A similar relaxation ef- weighting applied) until a Chi-Square tolerance of 1E-9 was reached. m was held constant at 2.5 and f was varied to achieve the best-fit.
where ef f , f and m represent the dielectric constant of the composite, the A comparison of the dielectric constant of thin sprayed composite films at 290 10 kHz and the same materials hot-pressed into the block format at 15 GHz is given in Figure 8 . There was a significant difference in the dielectric constant of the composites in the low frequency and high frequency measurements, which is consistent with previous reports of bulk BT behaviour. The dielectric constant drop of PFA/BT composites at high and low frequencies could be related to the 295 change in polarisation mechanisms. At low frequencies both atomic and dipolar polarisations contribute to the dielectric constant, whereas at high frequencies only atomic polarisation occurs [32] . It is thus understandable that there is a 
Conclusions
Dielectric measurements of sprayed PFA / BT composite films at low frequencies (kHz) and high frequencies (GHz) were compared in this work. Measurements of the composite films at high frequencies (12-18 GHz) were achieved by a well-controlled hot pressing process to create block samples suitable for 310 insertion into a waveguide. The Lichtenecker mixing rule was used to fit the data and to estimate the dielectric constant of BT particles in the different frequency ranges, and yielded 895 and 572 at 10 kHz and 15 GHz, respectively.
These estimated dielectric constants are generally higher than other people's estimation from composite data using mixing rules. There was a reduction of 
